Water, due to its fundamental role in biology, geology, and many industrial applications, and due to its anomalous behavior compared to that of simple fluids, continues to fascinate and attract extensive scientific interest. Building on previous studies of water at contact with different surfaces, in this study, we report results obtained from molecular dynamics simulations of water near hydrophilic and hydrophobic interfaces in the presence of non-ionic and ionic amphiphilic molecules, hexaethylene glycol monododecyl ether (C 12 E 6 ) and sodium dodecyl sulfate (SDS).
Introduction
Water molecules next to different surfactant aggregates in the bulk have been studied experimentally [1] [2] [3] [4] and through simulations. [5] [6] The effect of self-assembled monolayers with different head groups on interfacial water was also studied extensively. [7] [8] On the contrary, the molecular level properties of water molecules next to surfactants adsorbed at different solidliquid interfaces did not receive much attention, although recent results from the study of specific ion effects [9] [10] indicate that surfactants with different head groups can alter the properties of interfacial water to different extents. Understanding water solvation of various self-assembled aggregates is necessary for predicting and perhaps manipulating a number of macroscopic substrate properties. 11 Among experiments used to assess the properties of interfaces, vibrational sum frequency generation (VSFG) is widely used to study the orientation of water at interfaces, [12] [13] [14] while adsorption [15] [16] and scattering experiments [17] [18] [19] [20] are performed to determine the structure of adsorbed surfactant layers. Surfactants can aggregate on a surface, causing a decrease in the density of interfacial water because of excluded-volume effects. The present article stems from the hypothesis that changes in local density do not necessarily imply changes in the properties of interfacial water molecules. Related to this hypothesis, it is also possible that the formation of disordered self-assembled surfactant structures yield interfacial water properties that differ compared to those of interfacial water without surfactants.
The relaxation time characteristic for surfactant self-assembly and water rearrangement are different (the former much longer than the latter), conducting sufficiently long molecular dynamics simulations 5, 21 22-23 allows us to quantify both phenomena. The results obtained for surfactants on silicon oxide and graphite surfaces were reported previously. 24 Herein we discuss how water can be simultaneously affected by both surface and surfactants.
Our results are quantified in terms of water density profiles near the various surfaces, dipole moment distribution of interfacial water molecules, and hydration structure of the head groups of both ionic and nonionic surfactants close to, and away from the interface. Since the dynamics of interfacial water molecules determine a variety of processes related to corrosion, the ability of small molecules to diffuse to and near interfaces, the performance of coatings, and many more, we also report the residence probability and the reorientational dynamics of water molecules at the various interfaces considered.
Simulation Methodology
The trajectories from the simulations reported in our recent article 24 are utilized to analyze the behavior of water next to surfactants sodium dodecyl sulfate (SDS) and hexaethylene glycol monododecyl ether (C 12 E 6 ) adsorbed at silica and graphite surfaces. Simulations of SDS at the graphite-water interface were performed at multiple SDS surface densities. These simulations are referred to as X_GRA, where X corresponds to the surface area, in Å 2 , available for each surfactant (large surface areas correspond to low surface densities).
In addition to graphite, we simulated model surfaces obtained from silicon dioxide. These surfaces differ in the density of OH groups exposed to water. We considered a silica surface with 13.6 non-bridging O atoms per nm 2 , which we refer to as high-density silica (HD), and a silica surface with 4.5 non-bridging O atoms per nm 2 , low-density silica (LD). For both the HD and LD silica surfaces we considered 100%, 50%, and 20% of the non-bridging O atoms protonated (referred to as HD_Y or LD_Y where Y indicates degree of protonation, respectively). The resulting surface density of OH groups is 13.6, 6.8, and 2.72 OH/nm 2 for HD_100, HD_50, and HD_20, and 4.5, 2.25, and 0.90 OH/nm 2 for LD_100, LD_50, and LD_20 surfaces, respectively.
In our simulations the available surface density for SDS molecules on both HD and LD silica surfaces is ~48.0 Å 2 per molecule, whereas for C 12 E 6 on LD silica surfaces the surface density is ~54.0 Å 2 per molecule.
The Groningen Machine for Chemical Simulations (GROMACS) simulation package, version 4.0.5, was used to integrate the equations of motion. [25] [26] The SPC/E model was used to represent water molecules. This model was used consistently in our previous publications and results in accurate description of many structural properties of water. 22, 27 The SPC/E model has some deficiencies, in particular in the estimation of the water vapor pressure, but yields reliable estimates for structure and dynamics of bulk water, in terms of radial distribution function and self-diffusion coefficient. Because the emphasis here is on the structural properties of water, this model should provide reliable insights. Because we focus on interfaces, polarizability effects could be important. However, in a recent report we showed that predictions regarding the structure of water near graphitic substrates do not depend strongly on the polarizability of the water model. 40 Model parameters used for C 12 E 6 and SDS molecules are described elsewhere. 24, 28 In particular, for only the 100_GRA system (SDS on graphene with 100 Å 2 of surface available per surfactant) we conducted additional simulations in which the point charges on the SDS head group atoms were modulated.
Dispersive forces were treated with an inner cutoff of 0.8 nm and outer cutoff of 1.0 nm. Long range electrostatic interactions farther than 1.0 nm were treated using the particle mesh Ewald (PME) method with Fourier grid spacing of 0.12 nm, tolerance of 1 x10 -5 , and fourth order interpolation as implemented in GROMACS. Three dimensional periodic boundary conditions were used for all the simulations. To reduce the un-physical interactions between periodic replicas of the water film along the Z direction a vacuum of size, at least, twice the thickness of the water film was introduced between the periodic replicas, following prior procedures in our group. In addition, the results were validated by considering the 2D pseudo summation PME algorithm, as implemented in GROMACS. [25] [26] The canonical ensemble, in which the number of particles (N), the box volume (V) and the temperature (T) were kept constant is used to perform all the simulations. Two substrates separated by more than 10 nm of vacuum, or one substrate separated from its image by more than 15 nm were used in our simulations. When two substrates are used, the water molecules fill the region between the substrates. The system temperature was maintained constant using the Nose-Hoover thermostat with a relaxation time of 100 fs at T = 300 K. All the simulations on silica surfaces were at least 45 ns long, and trajectory data from last 5 ns were used to perform analysis. Simulations of SDS on graphite were at least 20 ns long and the last 2 ns were used for data analysis. The initial configuration for the simulations are equilibrated geometries borrowed from earlier publications from our group. 
Results

Density, Orientation, and Density Fluctuations of Interfacial Water Molecules
Surfactants. Before discussing interfacial water, we briefly summarize the results obtained for surfactants adsorbed on the silica surfaces. Full details are provided elsewhere. 24 On the HD_100 silica surface, we observe multi-layer SDS adsorption. The first layer of SDS molecules adsorb parallel to the surface due to the electrostatic interactions between the hydroxyl groups on silica and the surfactant head groups; note that the methyl tail groups are perfectly aligned between the hydroxyl groups. 24 The surface concentration of SDS molecules on the HD_100 silica surface is less than the monolayer coverage, as few SDS molecules diffuse to the bulk water and to the water-vacuum interface. Since HD_50 and HD_20 have non-protonated, negatively charged, oxygen atoms, the sodium counter-ions adsorb on the surface, near the non-bridging oxygen atoms, providing adsorption sites for the SDS head groups. On LD surfaces, irrespectively of the degree of protonation, SDS does not adsorb, but forms aqueous micellar aggregates near the silica-water interface. Even on the completely protonated LD_100 we observe less than five SDS molecules adsorbed onto the surface. As opposed to SDS, C 12 E 6 adsorbs on the LD_20 surface with its ethylene oxide head groups on the surface, on LD_50 surface with either ethylene oxide or alkyl tail groups on the surface, and on the LD_100 surface mostly with alkyl tail groups on the surface.
Water. Density distributions and average z-component dipole moment (M z ) of water molecules as a function of the distance from the substrate serve to quantify surface effects on the packing and orientation of water molecules, respectively. These two quantities are reported in Figure 1 for water molecules next to the various silica surfaces in the presence of either ionic or non-ionic surfactants. For comparison, in the insets of Figure 1 , we show the analogous results for water molecules on HD and LD silica substrates in the absence of surfactants, as reported in Ref [30] .
The dipole moment vector of a water molecule points from the mid-point between the hydrogen atoms towards the oxygen. M z fluctuates around zero when the orientation of water molecules is isotropic. A positive M z corresponds to hydrogen atoms of water molecules oriented towards the surface, and negative M z indicates that water molecules orient their hydrogen atoms away from the surface. The surface coverage of SDS and C 12 E 6 surfactants on the silica surfaces considered is ~2.0 surfactants/nm 2 and ~1.8 surfactants/nm 2 , respectively.
On bare HD_100, in the absence of surfactants, we observe two intense peaks in the density profile of water molecules (solid line in the inset of the top-left panel of Figure 1 ) corresponding to a large number of interfacial water molecules accumulated near this surface. The intensity of the first peak in the density profiles for water on LD_100 (dotted line in the inset of the top-left panel) is less than that observed on HD_100 even though both surfaces show macroscopic hydrophilic features. 31 Other properties of interfacial water on HD and LD silica have been described elsewhere. 30, 32 We focus here on the properties of interfacial water in the presence of counter-ions and surfactants. On the top-left panel of Figure 1 we report the density profiles in the presence of SDS (on HD_100, LD_100) and C 12 E 6 (only on LD_100). The partial adsorption of SDS on HD_100 silica decreases by ~16% and by ~40% the intensity of the first and second peaks in the density profiles of water on the bare HD_100. Despite these large changes in intensity, one important observation is that the location of the peaks in the density profiles does not change with the increased SDS concentration. This suggests that SDS and water compete to adsorb on HD_100, and that the water-surface interactions are not subdued by the lateral presence of surfactant molecules. Owing to the strong electrostatic interactions between negatively charged sulfate head group and surface hydroxyl atoms, SDS adsorbs on the substrate and replaces, in part, water. A depletion of water molecules is observed from 5.0 Å to 25.0 Å from the surface due to the presence of the tail groups of SDS. This is a consequence of steric effects. At larger distances the density of interfacial water approaches bulk values, suggesting that the presence of the surfactants affects the density of interfacial water only at short distances.
The presence of SDS on the LD_100 decreases the intensity of the first and second peaks in the water density profile by ~ 30% and ~50%, respectively, because of the adsorbed SDS molecules.
Contrary to what observed on the HD surfaces, our results show that SDS adsorption on this surface affects also the peak positions in the water density profile, indicating the extended influence of SDS on the water molecules on this surface and that water-surface interactions are relatively less attractive for LD than HD surfaces. Indeed, we observe that on the LD surfaces water molecules are displaced from the interfacial region, the number of displaced molecules increasing with increasing degree of protonation of the non-bridging O atoms, due to the presence of surfactants and counter-ions.
Surprisingly, we found that the density of water molecules near LD silica surfaces in the presence of C 12 E 6 surfactants, which adsorb significantly on the surface, is minimal on the LD_100 surface and increases as the degree of protonation decreases. This happens due to geometric constraints and electrostatic interactions between ethylene glycol head groups and the surface hydroxyl groups, as described elsewhere. 24 Comparing the dipole moment orientation of water molecules on HD_100 surface in the presence and absence of SDS molecules, solid line in bottom-left panel of Figure 1 , we observe an insignificant decrease in the intensity of the first peak in M z due to the presence of SDS,
suggesting that the orientation of water molecules within ~6.0 Å from the surface does not change much. On the contrary, on the LD_100 surface water molecules in the first layer change significantly their orientation upon SDS adsorption. The hydrogen atoms pointing away from the surface observed on the bare LD_100 surface (~ at 3.0-4.0 Å) point preferentially towards the surface when SDS is present (this is likely a consequence of the water hydrogen atoms interacting with SDS head groups and counter-ions near the surface). The effect on water orientation is more pronounced on LD than HD silica surfaces because the density of nonbridging O atoms is much lower on the former than on the latter (4.5 vs. 13.6 per nm 2 ) and therefore even a few SDS and/or counter-ions present at the interface affect strongly the behavior of interfacial water. Note however that patches of ordered water molecules can be observed away from surfactant head groups. The left panels are for 100% protonated, middle panels for 50% protonated and right panels for 20% protonated HD and LD silica surfaces, respectively.
On both HD_50 and HD_20 silica surfaces, the density of water in the first layer does not show significant changes upon SDS adsorption. The density differences farther away from the surfaces are due to steric effects correlated to the presence of SDS. However, in terms of the water orientation, we observe a greater than 25% decrease in the preference of the hydrogen atoms in the first layer to point towards the surface (bottom panel of Figure 1 ). The M z results suggest that the percent of the water hydrogen atoms pointing away from the surface increases considerably in the second water layer upon SDS adsorption. These structural effects are not observed for distances greater than 10 Å, which is consistent with recent reports regarding the interfacial water near discretely charged surfaces. 33 SDS molecules do not adsorb on LD_50 and LD_20 surfaces and hence we do not observe any significant changes on the structure of interfacial water molecules on these substrates. At ~10.0 to ~25.0 Å away from the LD_50 surface, we observe a decrease in the density profiles, which is due to the presence of SDS aggregates in this region. Upon C 12 E 6 adsorption, both density and orientation of interfacial water change. Specifically, the density of water molecules near the interface (~2-3 Å) increases with decreasing hydroxyl density and these water molecules predominantly orient their hydrogen atoms towards the surface. Our results suggest that ethylene oxide groups and water molecules compete for interfacial spots on the LD_20 surface much more strongly than they do on the LD_100 surface.
In Figure 2 we plot the density profiles (right panel) and M z (left panel) for interfacial water near graphite. On this surface SDS yields a monolayer at surface coverage of 100 Å 2 /surfactant, a monolayer with patches of bilayers and hemi-cylinders at 60 Å 2 /surfactant, and a complete hemicylinder at 40 Å 2 /surfactant. 29 In the absence of surfactants (green dash-dot-dot line), we observe an intense peak in the water density profile at ~3.4 Å, position at which corresponds a maximum in M z . This indicates that most of the water molecules whose oxygen atoms are at ~3.4
Å from the surface adopt an orientation in which one hydrogen points towards the surface. This result is consistent with those reported in the literature. 22, [34] [35] When the SDS surfactants adsorb on graphite, both the density and the orientation of interfacial water molecules change. At SDS surface coverage near 100.0 Å 2 per surfactant, we observe a density peak for water oxygen atoms at ~3.3 Å (solid line in the right panel of Figure 2 ), although the overall density at the interface is much less than that observed in the absence of the surfactants. The intensity of this peak decreases as the surfactant concentration increases, because as the SDS molecules are adsorbed water molecules are expelled from the interfacial region due to steric effects. The presence of SDS changes the orientational profile of interfacial water. In the absence of SDS, we observe structured (alternate layers of hydrogen-down followed by hydrogen-up up to ~10.0 Å) layers of interfacial water molecules (green dash-dot-dot line in the left panel of Figure   2 ). When SDS surfactants are present we do not observe peaks of hydrogen-up orientation (black, red, and blue lines). Since SDS surfactants are anionic, the positive peaks in M z correspond to layers of water that form next to the SDS head groups. These layers are displaced away from the graphite surface as the SDS surface concentration increases, because as the SDS aggregate morphology changes the location of SDS head groups with respect to the surface also changes, and water molecules are strongly correlated to the SDS head groups. From M z , we observe that interfacial water molecules show an increased hydrogen-down orientation for distances up to 5.0 nm away from graphite when SDS surfactants are present. This result is more impressive when we notice that in the absence of SDS water recovers bulk-like orientational features at 1.0-1.5 nm from the graphite. Similar orientational effects were observed for water in the presence of anionic and cationic surfactants at the air/water interface. [36] [37] The presence of SDS head groups on graphite effectively renders the surface partially charged, and charged surfaces have long-range effects on the orientation of water and dipolar liquids. [38] [39] Even though the peaks in density profiles cannot be used as signature for discriminating the surface features, 7 the change in the density profiles due to surfactant adsorption is a microscopic feature that could be used to quantify how water-surface interactions are modified in presence of surfactants. In support of this argument, we refer to a prior simulation from our group, in which we found that SDS aggregates on graphite affect the morphology of SDS aggregates adsorbed on a parallel graphite surface placed at distances closer than 10.0 nm. 23 From the density profiles ( Figure 2 , right panel), we observe that at the lowest SDS surface coverage considered here the density of water molecules reach bulk values at 2.0 nm from the surface. Increasing the surfactants concentration until they form hemi-cylinders (40_GRA), the effect of surfactants on the orientation of water is observed up to ~ 3.0 nm away from the surface (because the head groups farthest from the graphite surface are at ~2.0 nm from it). This orientational effect is of much longer range than that observed for pristine graphite. It is worth pointing out that similar effects
were not observed on the silica substrates. We performed simulations for model systems to better understand the molecular driving forces responsible for the long-range perturbation in the ordering of interfacial water just discussed.
We conducted two simulations: one with the force fields used in the prior simulations but fixing the coordinates of the SDS molecules adsorbed on the surface, and another one in which we set all the partial charges on SDS atoms and sodium counter-ions equal to zero (in the latter simulation the surfactants are allowed to move). The results obtained for M z at the water-graphite interface are shown in Figure 3 (left panel) . The results unequivocally confirm that the partial charges on SDS and counter-ions provide the necessary interaction energy to partially order interfacial water. However, even freezing the SDS molecules adsorbed on the graphite surface is sufficient to affect the water orientation. Comparing the results obtained when the SDS molecules are free to move or frozen (while maintaining their partial charges) suggests that the fluctuations, due to thermal motion, occurring in the position of the charged species, i.e., the sulfate head groups, generate an approximately exponential decay in M z for water molecules away from the SDS head groups. When the model surfactants bear no partial charges, interfacial water regains isotropic orientation at distances lower than 1.5 nm from the surface, as previously reported. 22 Our results therefore confirm that charged surfaces affect the structure of interfacial water. At charged SDS-graphite interface, the reasons for ordering of water molecules can be explained with the buildup of negative charges due to monolayer SDS adsorption on graphite, resulting in a discretely charged negative surface. It has been reported that negative surface charges cause water molecules 23, 29 to lose orientational entropy (in qualitative agreement with experimental observations) 9, 41 while enhancing the favorable electrostatic interactions. [42] [43] In addition, our results suggest that discrete charge distribution, and fluctuations in this distribution due to thermal motion yield longer-ranged effects on the orientation of interfacial water.
Additional simulations where conducted maintaining fixed the surfactants adsorbed on graphite, but modulating the partial charges from 0.1 to 0.9 times the values of the SDS parameterization and also reversing these charges (in these simulations the charges of the counter-ions were also modulated to maintain over-all electroneutrality). The results are shown in Figure 3 . When the partial charges are 0.1 the original ones, the results for M z are similar to those obtained when the surfactants bear no charges. When the factor increases to 0.3, we find that water molecules are oriented with their hydrogen atoms pointed away from the substrate at distances as large as ~5.0 nm. This result indicates that even when the individual charges are not pronounced, their accumulation due to surfactants aggregation can affect the orientation of interfacial water molecules. It is worth pointing out that the M z results obtained in the presence the model surfactants just described are comparable to those obtained for interfacial water near a uniformly charged surface (right panel of Figure 3 ). 33 , 40 We also find that when the charges are reversed the water molecules recover their anisotropic orientation at about 30 Å from the surface, which corresponds to ~ 15-20 Å from the surfactant head groups. This distance is similar to that at which interfacial water molecules recover their isotropic orientation near a uniformly charged graphene surface, ~20 Å. Thus our results suggest that negatively charged surfactants have a stronger effect than positively charged ones on the orientation of interfacial water. The asymmetric nature of charge effects could be due to a lower entropy loss experienced upon preferential water re-orientation near a negative than near a positive charged head group, and it could also be due to the electrostatic interactions between the point charges due to the geometry of the water molecule. Our results are supported by the experimental observation that at air/water interfaces SDS affects the orientation of interfacial water beyond the first interfacial water layer, 9 which indicates that at hydrophobic interfaces the effects on water orientation can be pronounced and long ranged.
In Figure 4 we report the contour plots of water M z in XY-planes at 3 distances from the solid substrate, i.e., at 3. Figure 2 .
Surprisingly, the ordering of interfacial water molecules does not couple with changes in density fluctuations (which can provide important details regarding surface properties 7 ). We report as Supplemental Information the water isothermal compressibility computed from density fluctuations near various interfaces. Our results indicate bulk water compressibility of ~60x10 -11 Pa -1 , which is slightly larger than the experimental value of ~45x10 -11 Pa -1 . 45 Large density fluctuations are observed close to the graphite surface with or without SDS present. Owing to these large density fluctuations, our results indicate that it is more probable to fit a cavity at the graphite-water at distances lower than 3.3 Å than near either HD or LD silica surfaces, whether or not SDS is present. This analysis corroborates the results obtained by Patel et al., 46 in terms of the cavity formation at hydrophilic and hydrophobic interfaces.
We also computed the excess chemical potential (μ excess ) of neutral, anionic, and cationic spheres of size 0.3 and 0.35 nm within the interfacial region, using the Widom insertion method. 47 The 
Residence Probability and Reorientational Dynamics
We determined the residence probability function (P) as the ratio of the number of water molecules present in the interfacial layer at time 't' to the number of water molecules in the interfacial layer at time zero (t = 0). The longer the water molecules stay in a layer, the more slowly P decays. To assess the re-orientation dynamics of water molecules we computed the dipole-dipole auto-correlation function (DACF), defined as DACF= (1) DACF is 1.0 at time zero and decays gradually as the water molecules rotate. Water molecules re-entering into the interfacial layer or hydration shell are not considered in our P and DACF calculations. Considering molecules re-entering the hydration shell, within a very short time span, may bias the results towards slower-than-expected dynamics in comparison with experiments. 48 The simulation results depend on how frequently the coordinates of water molecules are stored during the MD simulations, however because we used identical frequency of trajectory outputs, the results can be qualitatively compared against experiments.
We only consider water molecules within a distance of 5.1 Å away from graphite and 3.3 Å away from silica surfaces. These distances correspond to the position of the first minima in the water oxygen density profiles. Our calculations can also discriminate P and DACF for those water molecules that are simultaneously present in the interfacial layer and in the hydration shell
of surfactants. To discriminate the water molecules within the first hydration shell around surfactants we use the cut-off distances of 5.15 Å for SDS and 7.95 Å for C 12 E 6 , as determined from the first minima in the sulfur (SDS) -oxygen (water) radial distribution function (RDF) and from the RDF between the center of mass of C 12 E 6 head groups-oxygen (water), respectively.
Literature results show that both translational and rotational dynamics of water molecules in the hydration shell of surfactant head groups and/or charged sites on a surface are slower than those in the bulk, 49 although water reorientation depends on size and charge of the site/ion being hydrated 1, 50 and also the polarity of the surface.
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In Figure 5 , we report the results obtained for the residence probability P for water molecules near the silica surfaces without (inset of top panels) and with surfactants. P for water molecules on bare HD silica surfaces with varying degrees of protonation decays to ~ 0.1 in 400 ps, although the curves are not identical. This suggests that the mechanism of water molecules movement from the first hydration layer varies with the density of surface OH groups. The anisotropic reorientation of water on these surfaces was discussed by Argyris et al. 30 On HD surfaces, the presence of SDS causes the results for P obtained on the various surfaces to become very similar to each other, with 400 ps needed to decay to ~0.2 in all cases. On all LD surfaces, the presence of SDS delays the decay of P. On the LD surfaces, the presence of C 12 E 6 yields a strong effect on P, with the decay time of P directly proportional to the presence of C 12 E 6 headgroups.
For water molecules simultaneously present in interfacial layer and hydration shell, multiple factors affect orientational and residence times: 1.) the presence of surfactant aggregates or individual surfactants at the surface (decays slower with the increase in aggregate size, as the diffusivity is inversely proportional to the aggregate size), and 2.) whether the tail groups or headgroups are close to the water molecules next to the surface. The presence of tail groups next to the surface inhibits longer residence times and vice-versa simply because of the competition between hydrophobic and electrostatic interactions. The P curves for water molecules within the hydration shell of surfactants are reported in the bottom panels of Figure 5 . At short observation times the water molecules near C 12 E 6 show the slowest decay in P due to the size of the ethylene glycol head group; at longer observation times the overall decay rate is similar to that observed for water in the presence of SDS on HD silica, because of the weaker attractions. Similarly, the P decay for water molecules in the hydration shells is dependent on the aggregate structure and size of the surfactants. When both surfactants are arranged as monolayers, the length of the headgroup is directly related to the mechanism of diffusion out of the hydration shell.
The direct comparison of the dynamics of water molecules next to surfactant head groups and next to immobile solid substrate is not straightforward, as the translation and rotation of surfactants molecules enhance the diffusion of water molecules within the surfactants hydration shell. On the contrary the rigidity of a solid substrate reduces the rate of translational and rotation dynamics of hydration water. [30] [31] However, comparing top and central panels of Figure 5 , we observe that P for water molecules that are simultaneously present in both the interfacial and surfactant head groups hydration layers decays faster than that for water molecules only present in the surface hydration layers. This suggests that water molecules present in the first interfacial layer near the silica substrate and not near the surfactants contribute to the slow decay of P, while water molecules within the hydration layer of surfactant head groups contribute to fast decay in P. These results are consistent with those reported for water in the hydration shell of surfactants. 52 However, the residence times of interfacial water molecules depend on the magnitude of the discrete partial charge on the substrate 53 and surface density of the charge for water in the hydration shell of ions.
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Figure 5: (Top panels) Residence probability function (P) for water molecules in the interfacial layer of HD and LD silica surfaces in the presence of adsorbed SDS and C 12 E 6 . (Middle panels) P of water molecules that are simultaneously present in the interfacial layer and in the hydration shell of surfactants head groups on HD and LD silica surfaces in the presence of adsorbed SDS and C 12 E 6 . (Bottom panels) P of water molecules in the hydration shell of surfactants head groups on HD and LD silica surfaces in the presence of adsorbed SDS and C 12 E 6 . The left panels are for 100% protonated, middle panels for 50% protonated and right panels for 20% protonated HD and LD silica surfaces, respectively.
In Figure 6 , we show P and DACF for interfacial water molecules on graphite with and without SDS. We observe the fastest decay for P in the absence of SDS (dashed line in the left panel).
The slowest decay is observed for water on 40_GRA_and 60_GRA, i.e., when SDS yields a hemicylindrical or multi-layered aggregate structure. As expected, when SDS surfactants form multiple layers or hemi-cylinders (60_GRA and 40_GRA, respectively), we observe that water molecules move out of the interfacial layer more slowly than observed on 100_GRA. While we observe that P is qualitatively similar for 40_GRA and 60_GRA, the DACF curves are different. This indicates that water molecules in the interfacial layer experience different environments on 60_GRA and 40_GRA. These local environments, which depend on neighboring moieties (head groups or tail groups) and on the diffusivity of individual surfactant molecules or aggregates, affect both translational and rotational diffusion of water molecules.
For water molecules on bare graphite and on graphite with a hemi-cylindrical surface aggregate DACF curves decay at similar rates for the first 100.0 ps, suggesting that the water molecules on the 40_GRA system are in close proximity to the hydrophobic moieties (visual observation suggests that water molecules are in between the SDS hemicylindrical aggregates). More results for P and DACF for interfacial water molecules are shown in the Supplemental Information.
Even though the water molecules next to ionic surfactant head groups 5 reorient more slowly than in the bulk, the observed reorientation is faster than that observed for water confined in a hydrophobic liquid or reverse micelles. 1, 3, 48 These results indicate that even though SDS surfactants induce long-ranged effects on the orientation of the water molecules away from the surface, at close proximity the effects of substrate on water residence times and orientational dynamics are stronger than those due to SDS head groups alone, probably because of the rigidity of the substrate. We also found that the residence time of water molecules within slabs of increasing thickness away from the graphite surface (1.0 nm, 2.0 nm and 3.0 nm) are shorter when surfactants are present, indicating that SDS surfactants not only enhance the orientational order of the water molecules but also the diffusion away from the surface.
Discussion & Conclusions
The analysis of the water next to anionic and nonionic surfactants adsorbed on model silica and graphite substrates sheds light on the combined effects of substrates and surfactants on packing, orientation and dynamic properties of interfacial water. In particular, our results provide fundamental understanding of some important effects due to the presence of surfactants.
Firstly, our results indicate that water molecules experience long-ranged orientational ordering especially near hydrophobic substrates covered with anionic surfactants, while the effects near hydrophilic silica surfaces are not very pronounced. Below we highlight and explain how such ordering affects hydration energy and the entropy of interfacial water. It has been documented how density fluctuations can be used to quantify the hydrophobicity of a substrate, 54 and how such fluctuations, along with orientational ordering, contribute to the entropy of liquid water. [55] [56] The first term in computing the change in entropy of liquid water due to solute transfer results from density fluctuations at a few molecular shells away from the solute, 57 followed by changes in orientational correlation. 58 Because our results show rather similar density fluctuations for water at the graphite interface whether SDS surfactants are present or not, the orientational correlation of interfacial water becomes the dominant term in determining the entropy changes. Although the orientational correlation is multi-dimensional, using dipolemoment orientation we observe an increase in orientational order for interfacial water caused by the interface, which thereby decreases the loss of entropy upon the formation of a cavity in the water for distances up to at least 4.0 nm from the interface. The entropy loss and enthalpy gain due to the orientational ordering can also influence the diffusive properties of small molecules in water, which can potentially affect oxidative properties of many charged substrates, including substrates decorated with ions. The absence of such long-ranged water ordering near silica surfaces indicates that the electric field due to discrete charges distributed on the solid surface effectively reduces the effect of the long-range Columbic interactions due to anionic surfactants and ions adsorbed on the surface. This implies that on many substrates, not only the surface charges, but also the charges embedded within the first few atomic layers from the interface can play a significant role in determining interfacial water orientation, diffusion, and packing.
Our results from the analysis of the dynamic properties of interfacial water indicate that the water molecules close to surfactant head groups have faster dynamics even when close to the solid substrates, both in terms of residence lifetimes and reorientation dynamics, compared to that of water molecules within the solid-liquid interfacial layer and/or away from surfactant molecules (i.e., bulk water). The results discussed above indicate that surfactants at the watersolid interface can not only change the wetting characteristics of a surface, as previously known, [59] [60] but also change the residence times of water in the interfacial regions, presumably by disrupting the local structure of interfacial water molecules. It is possible that these changes in interfacial water dynamics are relevant for tribological and geological properties, ion-exchange dynamics, enhanced mobility of dissolved gaseous molecules at interfaces, and perhaps even corrosion.
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